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Porous framework materials are of major importance for a wide range of
technologies. Nevertheless, many of these materials lack processibility as they
are typically synthesized under rather harsh conditions and obtained as
microcrystalline powders that cannot easily be coated or deposited from
solution. Herein, a new approach to water-processable metal–organic
framework materials is presented. The materials are based on amphiphilic
organic building blocks consisting of polar carboxylate groups and non-polar
alkyl chains connected to a rigid aromatic core. The amphiphilic building
blocks assemble to porous framework structures via bonding to kinetically
labile sodium ions from concentrated aqueous solution. The obtained
crystalline materials, termed amphiphile salt frameworks , are thermally and
mechanically stable (some derivatives up to 365 °C and up to at least 4000 bar
hydrostatic pressure), exhibit persistent microporous channels accessible to
several gases (N2, CO2, propane, propylene, n-butane), and can be reversibly
assembled/disassembled by crystallization from or dissolution in water.
Systematic variation of the hydrophobic side chains of the amphiphile building
blocks allows extracting structure-property relationships and first design rules
for this new class of water-processable microporous framework materials.

1. Introduction

Porous solid-state materials are essential for many technolog-
ical processes in today’s industrial society. Their most promi-
nent application fields are in molecular separation, purification
and catalysis.[1–4] On an industrial scale, conventional inorganic
porous materials, such as zeolites and activated carbons, are pre-
dominantly used as they have two big advantages: low toxicity
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and very low cost.[4,5] Aside these conven-
tional application fields, porous materials
are also proposed to act beneficially in sev-
eral emerging technologies specialized in
the energy or health sector.[6–11] The re-
quirements for this wide range of applica-
tions, however, cannot be fully covered by
the state-of-the-art of porous materials,[12,13]

so that fundamental research on the devel-
opment of new porous materials with tai-
lored properties continues to be of high
relevance.[6,14,15] For the precise control of
the materials properties, utilization of or-
ganic building units in porous materials
turned out to be particularly valuable, as the
whole tableau of organic synthetic modifica-
tions can be used to implement numerous
functions in the materials.[6,7,16–19]

In the past decades, academic research
on porous materials containing organic
building units largely focused on porous
framework materials (PFMs), such as
metal–organic frameworks (MOFs)[20–22] or
covalent organic frameworks (COFs).[23–25]

PFMs feature robust crystalline structures
with well-defined pore structures.[26,27] Via the established de-
sign concept of reticular synthesis, structure and function of
these materials can be tuned and tailored largely at will.[28]

More recently, porous molecular materials (PMMs), such as
organic cages[29–32] or metal–organic cages[33,34] (MOCs, also
named coordination cages) have emerged as a viable alterna-
tive for PFMs.[6,35–42] An important conceptual advantage of
PMMs is their solubility and straightforward processability from
solution,[36] allowing not only for simple solution casting of thin
films and mixed matrix membranes, but also for increased struc-
tural and functional complexity via cocrystal formation as well as
straight forward materials recycling by repeated dissolution and
crystallization.[43] The weak intramolecular interactions between
the porous molecules facilitate solubility and solution process-
ability, however, often result in limited thermal and mechanical
stability.[6] Moreover, the non-directionality of the mostly disper-
sive intermolecular interactions between PMMs results in a loose
packing of the porous molecules in the solid-state[43] frequently
causing partial loss of crystallinity or even full amorphization
upon removal of solvent molecules from the pores.[6,34,36]

Nevertheless, highly regular materials with well-defined pore
structures are especially important as porosity features (i.e., pore
size, pore volume, pore aperture size and specific surface area)
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Figure 1. Top: Generalized representation of the molecular structure of an amphiphilic building block (ABB-CX2−) and library of utilized pore formers.
Middle: Representation of the design principle for ASFs. Bottom: Pictograms of the beneficial properties of ASFs, combining properties of PFMs and
PMMs in one material class.

must be controllable for applications in gas storage/separation
or molecular sieving.[13,44] Such control can be achieved in PFMs
that feature directive and comparably strong coordinative or even
covalent bonding between their building blocks.[8,25] This helps
to obtain well-defined framework structures with precise pore
sizes and high regularity[8,27] as well as high thermal[45] and
mechanical[46] stability. Unfortunately, for the synthesis of such
materials energy consuming solvothermal reaction routes are
commonly needed.[12] Additionally, solvent molecules – which
are often required to template the porous structure[47] – are inter-
acting strongly with the framework resulting in energy-intensive
activation processes (e.g., consecutive solvent exchange proce-
dures followed by solvent removal at high temperature). Fur-
thermore, repetitive materials recycling via disassembly and re-
assembly of the frameworks becomes unattractive and complex
since framework dissolution is only achieved in strongly acidic
or strongly basic solvent mixtures, often also requiring high
temperatures.[6] Consequently, full reconstruction of the porous
framework from solution requires repeated solvothermal synthe-
sis, the presence of molecular templates as well as toxic and/or
corrosive solvents.

In this work, we present a unique class of permanently porous
and water-processible MOF materials, termed amphiphile salt
frameworks (ASFs). ASFs combine the advantageous aspects of
PFMs (rigidity, crystallinity and thermal/mechanical stability)

with those of PMMs (solubility and reversible assembly) in a
new class of framework solids (Figure 1). The ASFs are based on
organic amphiphilic building blocks (ABBs) containing a polar
and rigid framework connector (i.e., an aromatic dicarboxylate)
as well as non-polar and flexible pore formers (saturated or un-
saturated alkyl chains). Rapid assembly of these ABBs with non-
toxic and low-cost sodium ions (Na+) from aqueous solution at
temperatures between 50 and 80 °C results in the formation of
crystalline honeycomb-like ASFs with hydrophobic porous chan-
nels even in quantitative yields. The ASFs can be reversibly dis-
assembled and reassembled by dissolution in water followed by
crystallization during water evaporation. Stability measurements
regarding high temperature and high mechanical pressure com-
bined with elaborate gas sorption measurements demonstrate
the potential of the ASFs for various application fields.

2. Results and Discussion

2.1. Design Concept of ASFs

The design concept of ASFs is inspired by the established chem-
istry of lyotropic liquid crystals in water, where the assembly pro-
cess of the amphiphilic mesogens is based on specific attractive
and repulsive interactions of the polar and non-polar parts of
the amphiphiles with the solvent, leading to the aggregation of
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Figure 2. a) Representation of the ASF-1 structure-type exemplarily for ASF-1(C3). b) Representation of the ASF-2 structure-type exemplarily for ASF-
2(C5). In panel a and b, a view along the crystallographic c axis visualizing the honeycomb-like structure motif is shown on the left. A view perpendicular
to the crystallographic c axis representing the packing of the ABBs and the [NaO6]n helices is shown on the right. Label: Na (blue/green), C (gray/purple),
O (red), hydrogen atoms are omitted for clarity, coordination environments of Na+ are shown as blue or green polyhedra. c) Stack plot of PXRD patterns
obtained after the evaporation synthesis method. The pore former (CX) attached to the ABB applied in the synthesis is shown on the right. Simulated
PXRD patterns for ASF-1(C3) and ASF-2(C5) are displayed for comparison.

the amphiphiles to micellar structures driven by the hydrophobic
effect.[48–50] In order to drive the assembly of the ABBs for crystal-
lization of honeycomb-like ASFs, the ABBs feature the following
structure-directing functionalities (Figure 1):

i) A shape-persistent core (here a benzene ring) that provides
the framework with rigidity and determines the metrics of
the framework assembly.

ii) Two negatively charged carboxylate groups – the hydrophilic
part of the ABBs – arranged in a divergent manner to facili-
tate formation of an extended framework by coordination to
metal ions.

iii) Two non-polar and flexible alkoxy side chains – the hydropho-
bic part of the ABBs – which drive the micellar hexagonal
assembly of the ABBs in water by the hydrophobic effect.

In concentrated aqueous solution, the anionic organic am-
phiphiles assemble to rod-shaped micellar structures with a
hexagonal packing followed by ASF crystallization via coordina-
tion of the carboxylate groups to Na+ cations (Figure 1). The
strongly ionic Na–O bonds support a robust framework structure,
while the bonds are also kinetically labile regarding hydrolyses,
thus aiding a rapid assembly/disassembly of highly crystalline
frameworks in water.

2.2. Synthesis

Ten 2,5-alkoxy-1,4-benzenedicarboxylic acid derivatives (H2ABB-
CX) were selected as ABBs and synthesized following modified

literature protocols.[51,52] Their purity was verified by 1H and 13C
nuclear magnetic resonance (NMR) spectroscopy (see Support-
ing Information Section S1). These H2ABB-CX derivatives differ
in the number of carbon atoms (CX = C2-C7) of the pore forming
alkoxy chains (Figure 1 top). For C3 and C4 variants with termi-
nal double (denoted C3ene and C4ene) or triple bonds (denoted
C3yne and C4yne) are included.

The ASFs of the typical chemical formula Na2(ABB-CX) were
prepared using several different procedures (see Supporting In-
formation S1 for further details). Slow solvothermal crystalliza-
tion of the ABBs with sodium acetate was performed in a mix-
ture of water, ethanol and N,N-dimethylformamide at 120 °C
to obtain needle-shaped single crystals (sizes up to 100 μm or
more) suitable for structure determination via single crystal X-ray
diffraction (SCXRD). Microcrystalline powders were obtained by
dissolution of the ABBs in aqueous sodium hydroxide solution
followed by evaporation of the water under reduced pressure at
80 °C using a rotary evaporator (evap-a) or from an open vessel
at 50 °C in an oven (evap-b).

2.3. Structural Characterization

The crystal structures of the ASFs were determined by SCXRD
using crystals derived by solvothermal synthesis (Figure 2a,b).
The ASFs with CX=C3, C3ene, C3yne, C4, C4ene, C4yne, C5 and
C6 are crystallizing in 3D honeycomb-like microporous frame-
works with trigonal space groups (R3̄; R3̄c, P31). The frame-
works exhibit the general chemical composition Na2(ABB-CX),
except for ABB-C62− which yields a material of the composition
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Table 1. Data representing the differences in porosity of ASFs. The eval-
uation has been performed based on the structural models obtained by
SCXRD (see Supporting Information S6 for details). The "largest included
sphere" represents the largest size of a sphere that can be hosted in the
pores of the framework, while the "largest free sphere" represents the size
of the largest sphere that can freely diffuse through the pores.

ABB density/
ABBs nm−3

tVF/% Diameter (largest
included sphere)/Å

Diameter (largest
free sphere)/Å

ASF-1(C3) 2.58 9 5.49 4.80

ASF-1(C3ene) 2.54 22 7.24 6.68

ASF-1(C3yne) 2.58 17 6.48 5.99

ASF-2(C4) 2.18 10 5.32 4.63

ASF-1(C4ene) 2.54 4 3.77 3.31

ASF-1(C4yne) 2.56 6 4.43 4.02

ASF-2(C5) 1.85 13 5.68 4.79

ASF-2(C6) 1.83 2 2.75 2.10

Na2(ABB-C6)(H2O)0.5. Depending on the length and flexibility of
the respective pore former, we find two different honeycomb-like
structure types denoted ASF-1(CX) (for CX = C3, C3ene, C3yne,
C4, C4ene, C4yne) and ASF-2(CX) (for CX = C4, C5, C6). No-
tice that ABB-C4 forms a phase mixture of both ASF structure
types, which we will discuss in more detail below. The frame-
work formation is driven by a micellar aggregation of the am-
phiphilic building blocks controlled by their hydrophobic alkyl
chains (pore formers) which are lining the porous channels of
the honeycomb-like structure motifs. Accordingly, the structure
of these ASFs is akin to micellar hexagonal phases of lyotropic
liquid crystals and hydrogen bonded dipeptides,[48–50] however,
the framework structures of the ASFs are characterized by strong
ionic bonding between the polar carboxylate groups of the ABBs
and Na+ ions.

In the ASF-1 structure-type an off-centered parallel stacking of
the benzene rings of adjacent ABBs with a plane-plane distance
of 3.27 Å is found, indicating that attractive 𝜋–𝜋-interactions be-
tween neighboring benzene rings stabilize this structure motif
with the shorter pore formers (Figure 2a).[53,54] On the contrary, in
the ASF-2 structure-type a large offset of adjacent ABB benzene
rings is found, resulting from the more sterically demanding
pore formers (ABB-C52− and ABB-C62−) and preventing favor-
able 𝜋–𝜋-stacking (Figure 2b). Consequently, shorter alkyl groups
(ASF-1 structure type) allow a denser packing of the amphiphilic
building units (ASF-1CX) 2.54 – 2.58 ABBs nm−3; ASF-2(CX)
minimum 1.83 – 2.18 ABBs nm−3; Table 1) which overall results
on a higher crystallographic density of the ASF-1 materials (𝜌 ≈

1.28 – 1.48 g cm−3) compared to the ASF-2 materials (𝜌 ≈ 1.17 –
1.28 g cm−3).

The rigid part of the ABBs (framework connector) forms the
edges of the honeycombs (Figure 2a,b). Based on this arrange-
ment the carboxylate groups are clustering around the vertices of
the honeycomb where they are coordinating to Na+ ions. The Na+

ions are six-fold coordinated by O atoms from the ABBs forming
helical chains of corner-sharing [NaO6] coordination polyhedra
running parallel to the crystallographic c axes. As a result of the
denser packing of the ABBs in ASF-1 the [NaO6]n helix is deco-
rated by surrounding Na+ ions (highlighted with green polyhe-
dra in Figure 2a). The hydrophobic alkyl chains point inside the

1D channels driving the assembly to the honeycomb-like struc-
ture motif. Depending on the length of the alkyl chains the pore
shape and surface as well as overall void fraction of the ASFs dras-
tically varies. The theoretical void fraction (tVF) evaluated from
SCXRD data is only 2% for ASF-2(C6) but increases to 22% for
ASF-1(C3ene) (Table 1). The unsaturated terminal bonds (dou-
ble or triple) of some pore formers influence their flexibility and
conformation, resulting in different pore shapes/geometries as
well as surface polarizabilities (Table 1; Figure S38, Supporting
Information). We note that the porosity parameters have been
calculated based on the SCXRD data recorded at 100 K. Due to
the flexible nature of the alkoxy side chains, the porosity param-
eters may vary at higher temperatures, particularly for the ASFs
with the longer side chains.

Only a rather small residual electron density is observed in
the open hydrophobic voids of the more porous ASFs, even
though the crystals were directly picked from the mother liquor
for the SCXRD experiments (Table S2, Supporting Information).
Remarkably, the most porous derivative ASF-1(C3ene) features
only a tiny residual electron density of about 1.7 e− per ASF for-
mula unit. This signifies that the pores of ASF-1(C3ene) are read-
ily guest-free after synthesis. These observations indicate that
solvent-templating does not play a significant role for the crys-
tallization of the honeycomb-like porous ASF structures.

Powder X-ray diffraction (PXRD) experiments verify that all
solvothermally synthesized ASFs are phase pure apart from the
sample derived from H2ABB-C4 (Figures S2–S9, Supporting
Information). Here, a phase mixture of the ASF-1 and ASF-2
structure-type is found, verified by a dual-phase profile fit of
the PXRD pattern (Figure S5, Supporting Information). Unfor-
tunately, by selecting several single crystals from the reaction
mixture only crystals of the ASF-1 structure-type were found
in SCXRD experiments. Remarkably, utilizing H2ABB-4ene and
H2ABB-4yne in the solvothermal synthesis yielded phase pure
materials of the ASF-1 structure type. Here, the impact of the
length and the flexibility of the pore former on the derived ASF
structure-type becomes further evident. The steric demand and
flexibility of the C4 side chain of ABB-C42− appear to define the
region where both ASF structure-types are energetically similar,
so that the ASF-1(C4) and ASF-2(C4) phases form in parallel.

We note that a short chain of only two carbon atoms in the pore
former (H2ABB-C2), generates an ASF-3(C2) material featuring
a densely packed crystal structure with a rhombic arrangement
of the building units in a triclinic lattice (space group P1̄), leav-
ing the material overall non-porous (see Supporting Information
S10 for a detailed structural description). A change from a hexag-
onal to a rhombic arrangement of building units by shortening
the length of the structure directing side chains has been previ-
ously observed for liquid crystal formation in the literature.[50]

Sodium 1,4-benzenedicarboxylate (terephthalate), which repre-
sents the corresponding material without any side chains (pore
formers) attached to the benzene core, was previously reported
to crystallize in a non-porous layered structure,[55] highlighting
the effect of the side chains on ASF assembly. An increase of
the chain lengths to seven carbon atoms (H2ABB-C7) led to a
microcrystalline powder with a diffraction pattern that does nei-
ther match to ASF-1 nor the ASF-2 structure type (Figure S10,
Supporting Information). Given that the pore space available in
the ASF-2(C6) is already very small (tVF = 2%), the bulk of the
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C7 chain is too large to support the formation of a honeycomb-
like ASF structure. Unfortunately, several attempts to grow sin-
gle crystals of Na2(ABB-C7) large enough for SCXRD remained
unsuccessful, so that the structure of this material cannot yet be
resolved.

2.4. Rapid Crystallization of ASFs from Water

As already indicated by the very low amount of solvent guest
molecules in the pores of the ASFs observed by SCXRD, the
ASFs can also be rapidly crystallized from an aqueous solution
of a chosen H2ABB-CX derivative and sodium hydroxide. Poly-
crystalline ASF powders were obtained in about 10–20 min by
evaporating the water to dryness on a rotary evaporator at 80 °C
(evap-a; see Supporting Information S1). Profile fits to PXRD
data of the derived microcrystalline powders demonstrate the for-
mation of phase pure ASFs except for Na2(ABB-C4) (Figure 2c;
Figures S12–S19, Supporting Information). The PXRD patterns
of the ASF-2 materials prepared via the evap-a method feature
broader reflections and a lower signal-to-noise ratio, which is as-
cribed to the higher flexibility of the longer alkoxy side chains
leading to increased diffuse scattering. The ASFs prepared by
the evaporation synthesis are already guest- and solvent-free as
confirmed by FTIR spectroscopy showing no vibrational bands
assigned to residual water molecules (Figure S32, Supporting In-
formation). We conclude that the hydrophobic nature of the pores
expels the water which yields readily porous materials under the
applied crystallization conditions (80 °C, < 20 mbar).

Further, SEM images were collected of ASFs obtained after the
solvothermal or evaporation synthesis approach (Figures S47–
S50, Supporting Information). Most of the crystallites obtained
via solvothermal synthesis appear as rod-shaped crystals of about
10 μm in length. In comparison, the ASFs generated by evapo-
ration of water feature particles of not-so-well-defined morpholo-
gies and smaller sizes (≈1–7 μm). This observation is ascribed
to the much faster crystallization process (evap-a: ≈10–20 min;
solvothermal: 24 h).

Based on the kinetically labile mainly electrostatic sodium oxy-
gen interactions it is possible to repeat the dissolution and recrys-
tallization of ASFs from water for several times. As a proof of con-
cept, ASF-1(C3ene) was completely dissolved in water (200 mg
ASF-1(C3ene) in ≈2 mL water) and crystallized again by evap-
orating the water at 80 °C for ten times. FTIR spectroscopy
(Figure S37, Supporting Information) and PXRD (Figures S25
and S26, Supporting Information) data prove the repeated for-
mation of pure ASF-1(3ene). This simple water dissolution and
evaporation process consequently allows processing of ASFs in
aqueous solution. Generally, only very small amounts of water
are necessary to completely dissolve the ASFs (molar solubilities
determined at 25 °C: 0.41 mol L−1 for ASF-1(C3), 1.06 mol L−1

for ASF-1(C3ene), 0.65 mol L−1 for ASF-2(C5)).

2.5. Gas Adsorption Studies

We chose ASF-1(CX) (CX = C3, C3ene, C3yne) and ASF-2(C5)
for gas physisorption experiments, as these are the most porous
ASFs regarding their tVF (Figure 3a). To define a reference

point for the materials rapidly precipitated from water, we first
discuss the gas sorption properties of the highly crystalline
and phase pure solvothermally synthesized materials. Increas-
ing maximum gas adsorption capacities are found in the order
ASF-1(C3) < ASF-2(C5) < ASF-1(C3ene) for N2 at 77 K and CO2
at 195 K, which is in the same order as expected from the calcu-
lated tVFs (Figure 3b,c and Table 1). Remarkably, ASF-1(C3yne)
shows by far the lowest uptake for N2 but the highest for CO2
of all investigated ASFs. We ascribe the rather low N2 uptake
of ASF-1(C3yne) to reduced conformational flexibility of the ter-
minal alkyne groups pointing into the cylindrical pores of the
material. Consequently, the diffusion of N2 (kinetic diameter
3.64 Å[56]) into the framework is restricted at 77 K. The diffusion
of CO2 (kinetic diameter 3.30 Å[56]) into the framework at higher
temperature (195 K) is favored and additional attractive interac-
tions between CO2 and the polarizable C–C-triple bonds result
in the highest CO2 uptake amongst the series. Consequently, the
Brunauer–Emmett–Teller (BET) areas (SBET) calculated from the
N2 and CO2 gas sorption isotherms of ASF-1(C3yne) differ by
an order of magnitude, with SBET = 34 m2 g−1 for N2 and SBET
= 410 m2 g−1 for CO2. Similarly, the corresponding pore vol-
umes (Vpore) of the ASFs depend strongly on the utilized probe
gas (Table 2; see Supporting Information S6 for further details).

We also collected CO2 physisorption isotherms (195 K) of the
ASFs derived by the evaporation synthesis routes (Figure 3d).
Here, we found decreased maximum capacities compared to
the solvothermally synthesized materials except for ASF-1(C3),
which is the least porous ASF of the series. We assign the lower
gas capacities of the other ASF derivatives prepared via the evap-
a route to a larger number of defects in the materials obtained
via the fast crystallization process. Defects may lead to a partial
blocking of pores and thus lower the gas accessible volume within
the materials. This is supported by N2 gas sorption isotherms
collected at 77 K for the ASFs prepared by the evap-a method,
which all show a flat rise of the isotherm with pressure indicat-
ing predominant adsorption on the outer particle surfaces and
micropores blocked for N2 at 77 K (see Figure S40, Supporting
Information).

We attempted to reduce the number of such defects and in-
crease the gas sorption capacity by slowing down the crystal-
lization process from aqueous solution via decreasing the re-
action temperature from 80 to 50 °C and performing the reac-
tion without reduced pressure (evap-b; see Supporting Informa-
tion S1). Indeed, we found an increase of CO2 adsorption ca-
pacity for ASF-1(C3ene) (+8% with respect to the materials pre-
pared via evap-a) and ASF-2(C5) (+23% compared to the mate-
rial prepared via evap-a) (Tables S17–S19, Supporting Informa-
tion). Unfortunately, ASF-1(C3yne) yields a phase mixture of the
ASF-1 structure-type and a non-porous hydrate phase of the com-
position [Na2(H2O)6][ABB-3yne] by conducting the slow crystal-
lization process at 50 °C (Figure S22 and Supporting Informa-
tion S11). The derived phase mixture of ASF-1(C3yne) and its
hydrate was not further investigated by gas adsorption studies.

The largest difference in CO2 capacity between the material ob-
tained by the evap-a route and the one prepared via solvothermal
synthesis is found for ASF-2(C5) (−47% at 95 kPa and 195 K).
Profile fits to PXRD data display a 7% smaller unit cell vol-
ume for the material prepared by the water evaporation meth-
ods (evap-a and evap-b) compared to the ASF-2(C5) derived via
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Figure 3. a) Representation of the crystal structures of selected ASFs investigated via gas physisorption experiments. All atoms are colored gray (style:
wireframe) except for the pore formers highlighted in different colors (style: ball and stick). H atoms are omitted. The given calculated void fractions are
highlighted (grid spacing 0.2 Å probe radius 1.2 Å). b,c) N2 sorption isotherms recorded at 77 K (b) and CO2 sorption isotherms recorded at 195 K (c)
for ASFs obtained by the solvothermal synthesis route. d) CO2 sorption isotherms collected at 195 K for the ASFs prepared by different synthesis routes.
The respective ABB present in the ASF is displayed on the bottom right of each graph. In panel (b), (c) and (d), adsorption and desorption branches are
shown as closed and open symbols, respectively.

Table 2. Summary of BET areas (SBET) and pore volumes (Vpore) deter-
mined from N2 isotherms recorded at 77 K and CO2 isotherms recorded
at 195 K.

N2 @ 77 K CO2 @ 195 K

SBET/m2 g−1 Vpore/cm3 g−1 SBET/m2 g−1 Vpore/cm3 g−1

ASF-1(C3) 115 0.08 106 0.04

ASF-1(C3ene) 294 0.15 282 0.10

ASF-1(C3yne) 34 0.03 410 0.14

ASF-2(C5) 209 0.11 191 0.07

solvothermal synthesis (Tables S10–S12, Supporting Informa-
tion). We assume that a closer packing of the less dense ASF-
2(C5) material (𝜌calc = 1.175 g cm−3) is possible due to contrac-

tion of the single [NaO6]n helices in the ASF-2 structure type.
This is supported by FTIR spectroscopy data of ASF-2(C5) ma-
terials obtained after the solvothermal and evaporation synthe-
sis route which uncover the occurrence of additional vibrational
bands at about 1400 cm−1 and shifting of the band at ≈1600 cm−1

(Figure S33, Supporting Information). Since these bands are as-
signed to the symmetric (around 1400 cm−1) and asymmetric
(around 1600 cm−1) carboxylate stretching modes, it is implied
that different coordination modes of the carboxylates to Na+ ions
are present in ASF-2(C5) prepared via evaporation synthesis.
We hypothesize that these differences arise from distortions of
the [NaO6]n helices or even defects (e.g., a wrongly coordinating
linker), which partially block the pores.

Similar defects might also be the reason for the lower gas ca-
pacities of some rapidly precipitated ASF-1(CX) derivatives (CX
= C3ene, C3yne) (Figure 3d). However, neither a change in the

Adv. Funct. Mater. 2023, 33, 2302033 2302033 (6 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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FTIR spectra nor a significantly reduced unit cell volume is ob-
served for any of the ASF-1 materials prepared via evaporation
synthesis (Figures S34–S36 and Tables S9, S11, S12, Support-
ing Information). A reason for that could be, that adjacent ABBs
in the ASF-1 structure-type feature additional 𝜋–𝜋-interactions
which help directing the formation of this frameworks. Hence,
less defects arise even if the materials are crystallized rapidly
from water. Moreover, the [NaO6]n helices in the ASF-1 materials
are additionally decorated with Na+ ions yielding a higher con-
nectivity of the rod-shaped inorganic building unit compared to
the undecorated [NaO6]n helices in the ASF-2 materials.

Remarkably, the typical Langmuir-shape of all CO2 isotherms
of the ASFs features a rather flat rise at low pressure – less pro-
nounced for ASF-1(C3yne) – as a signature for the apolar na-
ture of the pore surfaces. Thus, we moved on and tested the ad-
sorption of several apolar hydrocarbon gases at 273 K. We again
collected physisorption isotherms for materials obtained by the
solvothermal synthesis route and the two different evaporation
synthesis routes (Figure 4). Importantly, for all the hydrocarbon
gases, the differences between the maximum adsorption capac-
ities of the materials derived via the solvothermal and evapora-
tion synthesis routes are much less pronounced (Figure 5). We
ascribe this to attractive interactions between the hydrophobic
gas molecules and the hydrophobic pore surfaces. Remarkably,
all hydrocarbon sorption isotherms for the slower crystallized
ASFs (evap-b route) not only display increased capacities but also
the disappearance of priory existing hysteresis, thus pointing to-
wards a better accessibility of the pore space. For ASF-1(C3) and
ASF-1(C3yne) the faster crystallized samples (evap-a route) yield
nearly the same hydrocarbon sorption capacities as the solvother-
mal method. Additionally, almost all n-butane sorption isotherms
of the ASF samples prepared by water evaporation show a steep
rise starting above 75 kPa. This is a sign for n-butane condensa-
tion between the ASF particles (on the external surface) in agree-
ment with the much smaller particle sizes of these materials as
evident from SEM imaging (Figures S47–S50, Supporting Infor-
mation).

Based on the various gas sorption isotherms the propy-
lene/propane selectivity factor SIAST was calculated for the ASFs
under study here according to ideal adsorbed solution theory
(IAST, Supporting Information S6). Even though ASF-1(C3),
ASF-1(C3ene) and ASF-2(C5) feature very similar uptakes of
propylene and propane at 95 kPa, propane is adsorbed pref-
erentially as demonstrated by selectivity factors between 0.63
and 0.76 (for equimolar mixtures of propylene and propane).
Remarkably, ASF-1(C3yne), exhibiting pores lined by terminal
alkynyl groups, features a preference for the adsorption of propy-
lene over propane, with a selectivity factor of 1.82 (again for
equimolar mixtures of propylene and propane). The higher se-
lectivity of ASF-1(C3yne) for propylene is ascribed to attractive
interactions between the unsaturated pore former (the propar-
gyl groups lining the pores) and the unsaturated gas molecule.
Similar approaches for tuning gas sorption properties by tak-
ing advantage of designable pore shapes with saturated and
unsaturated bonds rather than only single functional groups
on the pore surfaces were recently also reported for PFMs.[57]

The results of the IAST calculations demonstrate that the func-
tional sorption properties of the ASFs can be modified by the
choice of the pore lining side chains, thus offering potential

for targeted adjustment according to the principles of reticular
chemistry.

2.6. Alternative Synthesis Routes

The possibility of direct crystallization of the porous ASFs from
aqueous solution is further demonstrated by drop-casting them
on a glass plate. To demonstrate this, a drop of an aqueous so-
lution of Na2ABB-CX (X = 3, 3en, 3yne, 5) was placed on a pre-
heated glass plate, which was then heated to 100 °C in an oven to
form a solid film within about 10 min (Supporting Information
S1). The phase pure formation of the respective crystalline ASF
was verified by PXRD collected directly from the microcrystalline
ASF film on the glass plate (Figure S24, Supporting Information).

Moreover, the self-templating nature of the porous ASFs allows
their crystallization in a solvent-free mechanochemical synthesis
(Supporting Information S8). Manual grinding of H2ABB-C5 and
solid NaOH in a 1:2 molar ratio using a laboratory mortar leads to
the phase pure formation of ASF-2(C5) (Figure S52, Supporting
Information). Performing this manual grinding approach also re-
sults in the formation of ASF-1 materials when grinding either
H2ABB-C3, H2ABB-C3ene or H2ABB-C3yne with NaOH (again
1:2 molar ratio; Figure S51, Supporting Information). Neverthe-
less, for the ASF-1(CX) materials the chemical reaction is incom-
plete, as visualized by reflections from impurities in the PXRD
patterns of the obtained powders. This was improved by con-
ducting the synthesis in an automatic ball mill exemplarily with
H2ABB-3ene and NaOH which helped to enhance the conver-
sion to ASF-1(C3ene) by 5 min ball milling (Figure S54, Support-
ing Information). Gas accessible porosity of the mechanochemi-
cally synthesized ASF was further confirmed by CO2 gas sorption
analysis (see Figure S41, Supporting Information). In general,
it is remarkable that no additional solvent is necessary for the
mechanochemical crystallization of the ASFs. Compared to con-
ventional mechanochemical synthesis methods for MOFs, which
typically require the presence of small amounts of organic sol-
vents (e.g., DMF),[58] the water generated in situ by the neutral-
ization reaction of H2ABB-CX and NaOH is sufficient to sup-
port the crystallization of the porous framework materials. In
line with the previous findings, it is also possible to recrystal-
lize the mechanochemically synthesized ASF-1(C3ene) by disso-
lution in water followed by water evaporation according to the
evap-a method (see Figure S27, Supporting Information).

2.7. Thermal, Mechanical, and Chemical stability

The thermal stability of the ASFs was evaluated by simultaneous
thermogravimetric analysis and differential scanning calorime-
try (TGA/DSC, Supporting Information S4) under Ar atmo-
sphere. ASFs carrying aliphatic alkyl chains are thermally stable
to about 365 °C, indicated by no mass-loss up to this temperature
and a rapid mass-loss at higher temperatures (Figure S28, Sup-
porting Information). Lower decomposition temperatures be-
tween 260 and 290 °C are apparent for the ASFs carrying un-
saturated side chains, suggesting that the thermal sensitivity of
the pore formers is the reason for their lower thermal stability
(Figures S29 and S30, Supporting Information).

Adv. Funct. Mater. 2023, 33, 2302033 2302033 (7 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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ASF-1(C3)

ASF-1(C3ene)

ASF-1(C3yne)

ASF-2(C5)

Figure 4. Hydrocarbon physisorption isotherms collected at 273 K for several ASF materials prepared via the different synthesis routes. Adsorption and
desorption branches are shown as closed and open symbols, respectively.
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Figure 5. Graphs comparing the maximum gas capacities of several hydrocarbon gases at 75 kPa (n-butane) or 95 kPa (propane and propylene) and
273 K for the ASFs obtained via the solvothermal and evaporation synthesis routes. For n-butane a pressure of 75 kPa was used to exclude effects of
inter-particle condensation.

The mechanical stability was investigated by in situ high pres-
sure PXRD for ASF-1(CX) with X = 3, 3ene, 3yne and ASF-2(C5)
performed with synchrotron radiation (DELTA, Dortmund) at hy-
drostatic pressures from ambient to 3750 or 4000 bar (limited
by the tightness of the hydraulic pressure cell, Supporting In-
formation S9). The ASF-1(CX) materials show neither decom-
position nor framework collapse when compressed up to the
maximum pressures achievable with the utilized setup (3750 bar
for ASF-1(C3) and ASF-1(C3ene), 4000 bar for ASF-1(C3yne)).
A fully reversible linear contraction of the unit cell volume by
about 3% is found for all ASF-1(CX) materials in the inves-
tigated pressure range. The compression mainly occurs along
the crystallographic c axis which corresponds to a contraction
of the Na+ helices. Bulk moduli (K0) derived via fitting the V-p-
data to a 2nd order Birch-Murnaghan equation of state amount
to 13.5(±0.2) GPa (for ASF-1(C3)), 12.9(±0.2) GPa (for ASF-
1(C3yne)) and 11.4(±0.1) GPa (for ASF-1(C3ene)). These bulk
moduli are comparable to the bulk moduli determined for typ-
ical transition-metal-based MOFs.[59]

In contrast, the unit cell volume of ASF-2(C5) decreases by
about 13% over the investigated pressure range, with a dras-
tic decrease of about 10% between 1000 – 2500 bar, along with
the strong shifts of several Bragg reflections especially in the re-
gion from 5° – 9° 2𝜃 (Figures S69 and S70, Supporting Infor-
mation). This points towards a phase transition of ASF-2(C5)
triggered by the applied mechanical pressure. Unfortunately, the
high pressure PXRD data are of insufficient quality to allow for
structure refinement, however, profile fitting suggests a preser-
vation of symmetry (space group R3̄) but a contraction of all unit
cell axes. We postulate that an irreversible phase transition takes
place from the ambient pressure ASF-2(C5) phase to a denser
high pressure ASF-2(C5). In accordance with this interpretation,
the unit cell volume of the compressed phase at ambient condi-
tions (i.e., after complete pressure release from 3750 to 1 bar) is
about 7% smaller (4622(2) Å3) than the unit cell volume of the ini-
tial ASF-2(C5) phase at the start of the experiment (4954(4) Å3).
The bulk modulus of ASF-2(C5), calculated using the V-p data
from ambient pressure to 1000 bar (i.e., before the start of the
phase transition), amounts to 8.2(±0.2) GPa and is about 30%

smaller than the ones of the ASF-1(CX) materials. This observa-
tion underlines the higher stiffness of the ASF-1 structure type,
which is associated with their slightly larger densities and the
higher robustness of their rod-shaped inorganic building units
(i.e., the [NaO6]n helices decorated with further Na+ ions) exhibit-
ing a higher connectivity.

In addition, the chemical stability of three representative ASF
materials (ASF-1(C3), ASF-1(C3ene), ASF-2(C5)) was evaluated
by storing each of these materials in four different organic sol-
vents (DMF, DMSO, THF, or EtOH) for 24 h. PXRD and IR anal-
ysis collected before and after storing these materials in these sol-
vent are virtually identical, highlighting the structural durability
of all ASFs in these solvents (see Figures S76–S81, Supporting
Information).

3. Conclusions

We demonstrate that the assembly of the dicarboxylate-based
ABBs with Na+ ions leads to the crystallization of a series of
ASF materials exhibiting honeycomb-like networks with cylin-
drical channels. The packing structure of these ASFs is akin to
micellar hexagonal phases of lyotropic liquid crystals and hydro-
gen bonded dipeptides,[48–50] while the derived frameworks are
based on strong ionic bonds between anionic carboxylate groups
and Na+ cations. Depending on the length and flexibility of the
chosen pore former (CX), we found two different honeycomb-
like framework types: ASF-1(CX) (CX = C3, C3ene, C3yne, C4,
C4ene, C4yne) and ASF-2(CX) (CX = C4, C5, C6).

The pore size and functionality of the ASFs can be tuned via
choice of the pore former length and degree of saturation of the
pore forming alkyl side chains. Gas sorption studies demonstrate
permanent porosity towards various gases (N2, CO2, n-butane,
propane and propylene) as well as tuneable sorption selectiv-
ity regarding the industrially relevant propylene/propane sepa-
ration process. The strong but non-directional ionic bonding be-
tween the carboxylate groups of the ABBs and Na+ ions, results
in high thermal and mechanical stability (up to about 365°C and
4000 bar). At the same time, the kinetic lability of these bonds
allows for reversible disassembly (dissolution) and reassembly

Adv. Funct. Mater. 2023, 33, 2302033 2302033 (9 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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(recrystallization) of the ASFs in water. The corresponding re-
peatable liquid phase processing ability of the ASFs from the
greenest solvent available (water) has so far not been demon-
strated for any other class of porous framework materials.[60–62]

This unique processing property conceptually allows a sim-
ple regeneration of the materials by dissolving in water followed
by recrystallization of fresh material – overcoming, e.g., mate-
rials aging issues. On that account, the ASFs can be directly de-
posited on surfaces by facile drop-casting from aqueous solution.
Remarkably, due to the self-templating of the porous channels by
micellar aggregation of the pore formers, the materials are readily
porous after crystallization from water, but can also be prepared
by solid-state mechanochemical synthesis without any additional
solvent.

We propose that the ASF design concept demonstrated here
for 2,5-dialkoxy-1,4-benzenedicarboxylate ABBs and Na+ cations
is transferable to other anionic ABBs in combination with vari-
ous kinetically labile metal cations (e.g., other alkali metal ions).
Future work may demonstrate that the concepts of (iso)reticular
synthesis and multivariate chemistry (i.e., solid solution chem-
istry), both well-established for MOFs, are transferable to the new
class of ASFs. We imagine that ABBs with an elongated frame-
work connector result in isoreticular expanded ASFs with largely
increased porosity. Consequently, the presented ASFs represent
only the beginning for the development of a new class of water-
processable porous materials merging beneficial properties of
porous molecular and porous framework materials alike.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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